A method for the purification of yeast K+-activated aldehyde dehydrogenase is presented which can be completed in substantially less time than other published procedures. The enzyme has a different N-terminal amino acid from preparations previously reported, and other small differences in amino acid content. These differences may be the result of differential proteolytic digestion rather than a different protein in vivo. A purification step involves the biospecific adsorption on affinity columns containing immobilized nucleotides in the absence of the substrate aldehyde. Direct binding studies with the coenzyme in the absence of aldehyde reveal 4 NAD sites per tetrameric molecule, each with a dissociation constant of 120pM. These results conflict with properties of preparations previously reported and may conflict with kinetic models that have aldehyde as the leading substrate. Binding to Blue Dextran affinity columns suggests the presence of a dinucleotide fold in common with other dehydrogenases and kinases.
A method for the purification of yeast K+-activated aldehyde dehydrogenase is presented which can be completed in substantially less time than other published procedures. The enzyme has a different N-terminal amino acid from preparations previously reported, and other small differences in amino acid content. These differences may be the result of differential proteolytic digestion rather than a different protein in vivo. A purification step involves the biospecific adsorption on affinity columns containing immobilized nucleotides in the absence of the substrate aldehyde. Direct binding studies with the coenzyme in the absence of aldehyde reveal 4 NAD sites per tetrameric molecule, each with a dissociation constant of 120pM. These results conflict with properties of preparations previously reported and may conflict with kinetic models that have aldehyde as the leading substrate. Binding to Blue Dextran affinity columns suggests the presence of a dinucleotide fold in common with other dehydrogenases and kinases.
Ethanol metabolism involves two oxidative steps, both catalysed by nicotinamide nucleotide-dependent dehydrogenases:
RCH2OH + NAD(P)+ x RCHO + NAD(P)H + H+ RCHO + NAD(P)+ + H20 e RCO2H + NAD(P)H + H+ In the past 30 years extensive work has been done on alcohol dehydrogenase, but comparatively little has been done on aldehyde dehydrogenase. Part of the explanation for this may be a number of difficulties associated with its purification. It was not until 1967 that a homogeneous preparation was reported with the isolation of the K+-activated enzyme from yeast (Steinman & Jakoby, 1967) . Difficulties in the purification of this enzyme are its instability in the absence of high concentrations of K+ (Sorger & Evans, 1966) , its increasing instability with purification in the absence of high concentrations of polyhydric alcohol (Bradbury & Jakoby, 1972) , and its modification by endogenous proteinases (Clark & Jakoby, 1970a,b) . For these reasons we have developed a rapid method of purification for this enzyme by using an affinity-chromatographic step, which results in higher yields of enzyme activity. Differences are revealed between this preparation and those previously published (Sorger & Evans, Abbreviations used: SDS, sodium dodecyl sulphate; Dns-, 5-dimethylaminonaphthalene-1-sulphonyl-.
for SDS/polyacrylamide-gel electrophoresis were prepared from a Boehringer protein calibration kit, Combithek-size 1. Reagents for elfctrophoresis were purchased from Kodak, Kirkby, Liverpool, U.K.
Reference Dns-amino acids, pglyamide thin-layer sheets and AnalaR grade ethanediol were supplied by BDH Chemicals, Poole, Dorset, U.K. 3-Methyl-2-benzothiazolone hydrazone was purchased from Hopkin and Williams, Chadwell Heath, Essex, U.K.
Nicotinamide-[carbonyl-"Cjadenine dinucleotide (59.2mCi/mmol) and nicotinamide-[U-14C]adenine dinucleotide (271 mCi/mmol) were supplied by The Radiochemical Centre, Amersham, Bucks., U.K. Insta-Gel was from Packard Nuclear Chemical Supplies, Caversham, Berks., U.K.. Acetaldehyde was redistilled and stored at 18°C as a 2M solution. All other reagents were of AnalaR grade where commercially available.
Enzyme assay
Enzyme activity was measured at 25'C by following the rate of reduction of NAD+ by observing the increase in A340 in a Pye-Unicam SP. 1800 spectrophotometer. A standard reaction mixture contained in a final volume of 2.5 ml: 2mM-acetaldehyde, 0.5 mM-NAD+, 0.1 M-Tris/HCl buffer, pH 8.0, 10mM-2-mercaptoethanol and 0.1 M-KCl. Reaction was begun by the addition of 0.1 ml or less of enzyme to an otherwise complete reaction mixture. Under these conditions a unit of enzyme activity is the amount of enzyme producing 1 pmol of NADH/min.
Protein determination
Samples containing 20-100AUg of protein were precipitated with 4 vol. of 25 % (w/v) trichloroacetic acid. The precipitate was resuppended in 1 M-NaOH and protein measured by the method of Lowry et al. (1951) , with bovine serum albumin as a standard.
Aldehyde determinations
Aldehydes were measured by the colorimetric method of Sawicki et al. (1961) . To 0.5 ml of unknown sample or standard aldehyde solution (5-100,ug/ 100ml) was added 0.5ml of 0.4% (w/v) 3-methyl-2-benzothiazolone hydrazone in a ground-glass stoppered test tube. The solution was placed in a water bath at 98.5°C for 3min, The mixture was cooled to 25°C in an ice-water bath, then 2.5ml of 0.2 % (w/v) FeCl3 was added. After 5 min the volume was adjusted to 10ml by the addition of 6.5ml of acetone, and the 4635 or A664 measured.
Aldehyde was also determined by its enzymic reactivity with aldehyde dehydrogenase in the presence of 0.1 M-KCl and 1 mM-NAD+. Fraction V enzyme (see purification schedule below) was equilibrated by passage through a Sephadex G-25 column into 0.1 M-K2HPQ4 buffer, pH 8.0, and 1 mm-EDTA, both showing low 3-methyl-2-benzothiazolone hydrazone reactivity. The Darbre & Islam (1968) and quantitative identification was achieved on mixed silicone columns in a Pye series 104 chromatograph as described by Davy & Morris (1976) .
End-group analysis N-Terminal amino acid analysis was performed by the dansyl chloride procedure recommended for proteins by Gray (1967) , with identification of the Dns-amino acids by two-dimensional chromatography on thin-layer polyamide sheets as described by Hartley (1970) . Concentrated fraction VI enzyme (see purification schedule below) was prepared for dansylation by dialysis for 72h against several changes of distilled deionized water. After freezedrying, 1.5mg samples containing approx. 25nmol of N-terminal amino acid were taken for analysis. Radioactive NAD+ effluent solution in fractions were prepared for counting in the same manner as in equilibrium dialysis, except that weighed samples of approx. 3 ml were used, and 2 ml of water was added with the 10ml of Insta-Gel. Overall standard deviation in determining radioactivity in fractions of eluate was 0.3 %.
Equilibrium dialysis
Preparation of immobilized ligands e-Aminohexanoyl-NAD+-Sepharose 4B was prepared by the method of Mosbach et al. (1972) , by using 45g of CH-Sepharose 4B. Sigma-grade-AA NAD+ was used. This gel was used to pack a column (2.5 cm x 25 cm) at 4°C, providing a gel volume of 125ml. The column was equilibrated with 5-6vol. of 45 mM-K2HPO4 buffer, pH 8.0, containing 22 % (v/v) glycerol, 1 mM-mercaptoethanol, 0.025 % (w/v) phenylmethanesulphonyl fluoride (the 'affinitychromatography buffer').
Blue Dextran-Sepharose 4B was prepared by the CNBr method of Ryan & Vestling (1974) . Columns were packed with gel in 10mM-Tris/HCl buffer, pH 8.0, and equilibrated before use in an appropriate buffer. Column dimensions were 1.2cm x 7cm.
Enzyme concentration
Enzyme was concentrated by a combination of hollow-fibre ultrafiltration (Bio-Fiber 80 beaker; Bio-Rad Laboratories, Bromley, Kent, U.K.) and centrifuged at 3000g through an Amicon PM 10 membrane supported on a porous plastic disc in a 50ml centrifuge tube. (Clark & Jakoby, 1970a) and the (NH4)2SO4 fraction, after dialysis, was loaded on a column (2.5 cm x 30cm) of DEAE-Sephadex A-50 and chromatography conditions that allowed duplication of the chromatography times for the larger columns of Clark & Jakoby (1970a) were used. Chromatography buffer was prepared with Kodak 'spectro'-grade glycerol. A major peak of activity was eluted at the same ionic strength as described by Clark & Jakoby (1970a) ; these fractions were pooled, supplemented to 0.01 % phenylmethanesulphonyl fluoride and stored at-80°C until further use. The hydroxyapatite chromatography described by Clark & Jakoby (1970a) Acid and second heat precipitation. Fraction II was adjusted to pH4.3 by the dropwise addition of 1 Mcitric acid and centrifuged at 23000g for 1 h. The pellet was resuspended in 250ml of extraction buffer. After homogenization the pH was adjusted to 6.9 with 1M-HCl, the mixture heated rapidly to 50°C, and maintained at this temperature for 10min with occasional stirring. The solution was chilled in an ice bath to 10°C and centrifuged for 30min at 23000g. This is fraction III.
(NH4)2SO4 fractionation. Fraction III was diluted to 300ml with extraction buffer and adjusted to pH 7.0 with I M-HCl. (NH4)2SO4 (63 g) was added gradually, and the mixture was stirred for 30min. The precipitate was removed by centrifugation for 20min at 23000g. An additional 54g of (NH4)2SO4 was added to the supernatant solution and after stirring for 30min, the precipitate collected by centrifugation for 30min at 23000g. The pellet was resuspended in 80ml of ion-exchange buffer consisting of 10mM-KH2PO4, SmM-Tris/HCl, 45mM-KCl, 0.45 mM-EDTA, 0.5 % (v/v) a-thioglycerol and 25 % (v/v) glycerol, pH 8.0 at 4°C, and if necessary stored at -18°C. This is fraction IV.
Ion-exchange step. DEAE-Sephadex A-50 was equilibrated with ion-exchange buffer to within 0.01 pI unit, and the slurry supplemented with 0.024 % (w/v) phenylmethanesulphonyl fluoride. Fraction IV was added in a ratio of 2.5 units/g of gel that had been allowed to filter to completion without suction. Then 1 gel volume of ion-exchange buffer was added and the slurry stirred for 50min. A small portion of liquid was filtered off and assayed for activity. Additional gel (2-5%) was added if required and stirred for 10min until the activity in a filtered portion of liquid was less than 0.02unit/mi. The gel was collected on a Biuchner funnel. To the gel was added 2 gel volumes of ion-exchange buffer supplemented with 52.5mM-KCI, and the slurry was stirred for 10min. The Results Table 1 summarizes the rapid enzyme-purification procedure described above with data for preparations from N.G. & S.F.-supplied yeast. When a sample of enzyme was measured for activity in the standard assay of Steinman & Jakoby (1967) with benzaldehyde as substrate, the activity was 29.5% of that determined by the standard assay used for the present work. Yields of activity were independent of the method of extraction and independent of the source of yeast.
Under the conditions of the described purification procedure phenylmethanesulphonyl fluoride is hydrolysed with a half-life of 100min (Pringle, 1976) . When attempts were made to compensate for this hydrolysis by continuous addition of phenylmethanesulphonyl fluoride during extraction of the acetone-dried powder, and the addition of frequent small portions during subsequent procedures, activity yields were decreased. Fraction III had only 25 % of the activity of the standard preparation, and subsequent fractions showed progressively poorer activities, although the mobility of the active band on polyacrylamidegel electrophoresis remained the same.
A portion (1 mg) of freeze-dried fraction VI gave a result of 1.05mg of protein by the method of Lowry (Fig. la) . When purification is continued through the affinity chromatography there is a partial SDS/polyacrylamide gel-electrophoresis offraction VI enzyme is shown in Fig. 2(a) . Bovine serum albumin and carbonic anhydrase were used as markers and were run in the same gels as the enzyme sample. Arrow (1) (Fig. 2a) Fig. 2b) . A coincident band of protein and activity was eluted at a volume of 65.5 ml (±2.5 %), corresponding to a mol.wt. of 240000.
Amino acid analysis of fraction VI enzyme prepared in phenylmethanesulphonyl fluoride is shown in Table 2 . Results are expressed as integral numbers of residues per 50000g of protein and compared with the ion-exchange data of Clark & Jakoby (1970a) . Histidine forms derivatives poorly, and this method gives irregular results with methionine and cysteine, so no data were collected for these amino acids. The overall pattern for the two determinations is similar. The reliability of such comparisons is ±17 % or 1 residue in 6. Only arginine and tyrosine show differences outside this error.
N-Terminal amino acid analysis was performed on fraction VI enzyme prepared in the presence of phenylmethanesulphonyl fluoride. For N.G. & S.F.-supplied yeast enzyme other than the reactive side groups Dns-e-lysine and Dns-a-tyrosine, the only spot identifiable as an N-terminal amino acid was Dns-valine. A spot corresponding to Dns-serine, the N-terminus of aldehyde dehydrogenase A (Clark & Jakoby, 1 970a), was not present in any of the chromatograms produced from samples prepared by several different dansylation techniques. No other spots were present in sufficient intensity to represent heterogeneity at the N-terminus. Enzyme preparations from Anheuser-Busch yeast made either by the Fig. 3 . With the high-ionicstrength buffer used for these experiments, nonspecific effects are minimized, and evidence for the biospecific retardation of enzyme is clearly seen by comparison with the elution profile of bovine serum albumin, run under identical conditions (Fig. 3) . Supplementation with 5mM-NAD+ at fraction 20 resulted in elution of enzyme with the nucleotide front (Fig. 3) . The sharpness of the elution profile was directly related to the concentration of nucleotide in the elution buffer. NAD+ or 5'-AMP were equally effective eluting agents. Decreasing the ionic strength of the chromatography buffer results in an increase in affinity. As the potassium phosphate concentration is decreased the front of activity occurs later 1978 3 mg) ; *, 26 units of fraction V aldehyde dehydrogenase in which running buffer was supplemented with 5mM-NAD+ at fraction 20. Samples were added in a volume of 1 ml. ,,*, in units/ml of activity determined in the standard assay; *, A280 units. Column dimensions were 1.25cm x 16cm. The volume of each fraction was 1.2ml. Flow rate was 0.9ml/min. and is smaller than under the conditions of Fig. 3 . There is a consequent increase in the amount of enzyme eluted with the front of free nucleotide. Elution of contaminating protein is only marginally effected by this decrease in ionic strength, so this effect reinforces the biospecific interaction and enables more enzyme to be processed. A 45mM-potassium phosphate buffer, pH 8.0, allows a sufficient amount of retardation, but fulfils the K+ requirement for stability and was adopted for routine purification. Attempts at batchwise procedure were unsuccessful.
Blue Dextran binding to several enzymes has been established by molecular-sieve chromatography (Staal et al., 1969 (Staal et al., , 1971 , affinity chromatography (Kopperschlager et al., 1971; Ryan & Vestling, 1974; Thompson et al., 1975) and competitive inhibition (Thompson et al., 1975) . The specific binding of enzyme to immobilized Blue Dextran has been correlated with the possession of the dinucleotide fold common to several classes of enzymes (Thompson et al., 1975) . 5'-AMP is a competitive inhibitor of several dehydrogenases and has proved a useful immobilized ligand for affinity chromatography (Brodelius & Mosbach, 1973; Craven et al., 1974) . The binding of enzyme to 5'-AMP affinity columns is shown in Fig. 5 . Binding is similar to that on an Vol. 173 NAD+ column, but the column used here has approx. 80% less binding capacity. 5'-AMP and NAD+ are equally effective eluting agents at equivalent concentrations. Fig. 5 also shows that inclusion throughout the chromatography of acetaldehyde at concentrations optimal for activity only marginally improves the affinity of the column for enzyme. Both Anheuser-Busch fraction-V enzyme and that produced by the dehydrogenase A-type purification bind to 5'-AMP columns with a similar or slightly greater affinity than the N.G. & S.F.-supplied yeast enzyme affinity shown in Fig. 5 .
The affinity of N.G. & S.F.-supplied yeast aldehyde dehydrogenase for Blue Dextran columns in low ionic strength buffer is demonstrated in Fig. 6 . Affinity is increased by the presence of acetaldehyde in the running buffer. Enzyme is eluted from the column by buffers of high ionic strength. Unlike the behaviour of other enzymes that bind specifically to Blue Dextran columns, low concentrations of free nucleotide ligand (1-10mM) fail to accelerate elution in low-ionic-strength buffers. However, at concentrations (0.1 M) of inorganic salts producing only moderate increases in elution, the addition of 5mM-NAD+ or -5'-AMP causes a sharp specific elution. The addition of 20% (v/v) glycerol required for stability decreases enzyme affinity.
The ubiquitous contamination of endogenous aldehydes in a number of general reagents has previously been demonstrated by Bradbury & Jakoby (1971) using the colorimetric method of Sawicki et al. (1961). An assessment of contamination in the reagents used here for affinity chromatography was therefore made both by the colorimetric method and by enzymic reactivity with aldehyde dehydrogenase. Tris/HCl, mercaptoethanol, a-thioglycerol and possibly glycerol interfered with the colorimetric reaction.
By the 3-methyl-2-benzothiazolone hydrazone method, polyhydric alcohol and secondly NAD+ are the most highly contaminated constituents in the affinity-chromatography buffer; 100% glycerol gave an aldehyde concentration of 0.3 mm and aldehyde was 2.4% of the concentration of NAD+. Contamination by enzymically reactive aldehyde in the aldehyde dehydrogenase reaction mixture supplemented to 25 % (v/v) with glycerol was estimated at 40M. Chemical analyses using 3-methyl-2-benzothiazolone hydrazone performed on samples Column dimensions were 1.2cm x 7cm, and the volume of each fraction was 1.2 ml. Flow rate was 0.8mI/min. Activity was determined in the standard assay mixture.
removed from the reaction mixture at various time intervals provide an estimated initial aldehyde concentration of 100tM, with no reduction during the reaction period, in spite of the fact that 40#M-aldehyde is removed by enzymic oxidation. The data suggest that the 3-methyl-2-benzothiazolone hydrazone test (as used here) is not a reliable test for contaminating aldehyde. 1978 I Contamination of glycerol by enzymically reactive aldehyde present in the affinity-chromatography buffer is 26AM. When 10% (v/v) ethanediol was substituted for glycerol in the affinity-chromatography buffer, a 10-fold reduction in enzymically reactive contaminating aldehyde (to 3AuM) was achieved without altering column capacity and elution profiles of enzyme from NAD+ and 5'-AMP columns. 3 -Methyl -2 -benzothiazolone hydrazone -estimated aldehyde contamination by 10% (v/v) ethanediol is 10pM based on the standard curve for acetaldehyde.
In these affinity-chromatographic investigations, if aldehyde is to be an obligatory leading ligand before the binding of immobilized NAD+, 5'-AMP or Blue Dextran, then for biospecific separation to be unchanged by the addition of saturating concentrations of aldehyde, contaminating aldehyde must be close to saturation for enzyme binding sites. Moreover, since a 10-50-fold decrease in contaminating aldehyde does not result in an alteration of biospecific elution, within experimental error, the aldehyde sites would have to be 99 % saturated. Thus at a total contaminating aldehyde concentration measured enzymically or colorimetrically of 10puM or less the K, for contaminating aldehyde would have to be less than 0.1 AM. On this basis the actual Km values for good aldehyde substrates would have to be less than that determined with these omnipresent contaminating aldehydes by a factor of 1 + I/K,, or 100-fold. This requires that true Km values for at least two aldehyde substrates, isobutyraldehyde and p-nitrobenzaldehyde (Steinman & Jakoby, 1968) , are less than 10nM, an unreasonably high affinity for such enzyme substrate complexes.
The binding of fraction VI enzyme to NAD+ in the absence of added aldehyde was determined directly by equilibrium dialysis and by the rate of dialysis method (Colowick & Womack, 1969 Fig. 7 . A leastsquares fit to the equilibrium-dialysis data in Fig.  7 (a) provides a dissociation constant (1/slope) of 120pM for each of 4 coenzyme-binding sites per molecule. Data for the rate of dialysis experiment in Fig. 7(b (Steinman & Jakoby, 1967; Clark & Jakoby, 1970a) . The most unequivocal indication of a difference is the N-terminal amino acid valine for this enzyme preparation, compared with serine for the enzyme designated dehydrogenase A (Clark & Jakoby, 1970a) . The total amino acid analysis indicates minor differences between the SDS/polyacrylamide-gel electrophoresis gives a mol.wt. of 62500 for the monomer, compared with 56000 reported for dehydrogenase A (Clark & Jakoby, 1970b) , determined by the same method. Molecular-sieve chromatography gives a mol.wt. of 240000 for the intact enzyme, compared with 214000 reported for dehydrogenase A (Clark & Jakoby, 1970a) . However, in our hands enzyme preparations from yeast supplied by either N.G. & S.F. or Anheuser-Busch and purified by the method reported here or as previously (Clark & Jakoby, 1970a ) all co-migrate on SDS/polyacrylamide gels.
These data might reflect a minor difference in the form of the proteins in vivo isolated from two different yeast strains. An alternative hypothesis in view of considerations below is that both proteins have the same primary structure in vivo and that differences between the isolated proteins are the result of differential proteolytic digestion during purification which results in the removal of a segment too small to modify the migration rate on SDS/polyacrylamide gels.
Highly specific proteolytic modification of yeast aldehyde dehydrogenase in vitro resulting in the production of distinct but active enzyme forms has been demonstrated both in the original work of Clark & Jakoby (1970a) and by the findings presented here (Fig. l) . By avoiding autolytic procedures and/ or by the addition of high concentrations of proteinase inhibitors di-isopropyl phosphorofluoridate or phenylmethanesulphonyl fluoride, a single electrophoretically homogeneous enzyme activity is observed. It has been clearly documented, however, in an exhaustive review by Pringle (1976) that no single precaution, such as the inclusion of di-isopropyl phosphorofluoridate or phenylmethanesulphonyl fluoride, is completely adequate for safe-guarding against modification. In many cases, proteinases show residual activity or are unaffected by the presence of these agents, and therefore, any procedure that speeds the separations of proteinases from the required enzyme is likely to result in a lesser amount of the degraded forms.
The slowest steps in published purification procedures of yeast aldehyde dehydrogenase are ionexchange chromatography on DEAE-Sephadex A-50 and hydroxyapatite (Steinman & Jakoby, 1967; Clark & Jakoby, 1970a) . These were used at a time when it was recognized that proteolytic activity persisted in the preparation even in the presence of phenylmethanesulphonyl fluoride or di-isopropyl phosphorofluoridate. Moreover, to allow rapid equilibration and sample binding to the ion-exchange material it is necessary to lower glycerol and K+ concentrations, both of which are required for enzyme stability.
As a possible alternative to these lengthy ionexchange chromatographic steps, we attempted to introduce an early rapid affinity-chromatography step. After the report of a compulsory sequential mechanism in which aldehyde is the leading substrate (Bradbury & Jakoby, 1971a,b) (Pringle, 1976) . The high concentration of other proteins present at this stage offers some protection. Moreover, it has been shown that an alternative glass-bead breakage procedure for extraction yields an enzyme with apparently identical characteristics. This more direct and rapid method of extraction is the method of choice at the moment as it was recently made applicable to large amounts of cells.
An attempt was made to ascertain whether differences in protein characteristics between the present preparation and that previously reported (Steinman & Jakoby, 1968; Clark & Jakoby, 1970a; Bradbury & Jakoby, 1971a ) are due to differences in isolation methods rather than to source. Thus the present more rapid isolation methods were used on Anheuser-Busch yeast (that used by Clark & Jakoby, 1970a) (Bradbury & Jakoby, 1971a) . Supplementation with aldehyde at concentrations optimal for activity does little to enhance enzyme affinity toward 5'-AMP columns and only slightly increases affinity for Blue Dextran columns. Conceivably, this might indicate prior binding by contaminating aldehydes rather than binary enzyme-NAD+ complex. Aldehyde determinations reveal the presence of contaminating aldehyde in the chromatography buffer. These are introduced predominantly by polyhydric alcohol. However, best estimates indicating a 10-50-fold decrease in contaminating aldehyde concentration by removal of glycerol or its substitution by ethanediol does not alter the biospecific affinity of aldehyde dehydrogenase for these columns.
For several reasons (Porath & Kristiansen, 1975) it is not possible to determine accurately the effective ligand concentration of the affinity gels used here. However, the total amount of immobilized ligand present is 50,umol/g and 150,umol/g of dry gel for immobilized Assuming that total immobilized ligand approximates to effective ligand concentration, and by using bovine serum albumin as a protein for which bioVol. 173 affinity is zero, behaviour can be compared with predicted binding and elution for simulated binary systems of enzyme and immobilized ligand (Graves & Wu, 1974) . The behaviour of aldehyde dehydrogenase is consistent with a dissociation constant for immobilized NAD+ and 5'-AMP in the range 1-0.10mM. The K1 for 5'-AMP is 0.79mM (Fig. 4) , and under the chromatographic conditions described the K. for NAD+ has been determined by us as 0.12 mm by equilibrium dialysis. These data demonstrate that a specific interaction between aldehyde dehydrogenase and immobilized NAD+ or 5'-AMP is taking place. The introduction of non-specific interactions at low ionic strength is advantageously used to increase this affinity, and therefore the amount of enzyme bound to either column, with no other obvious alteration in chromatographic behaviour.
The qualitative data on binding to Blue Dextran columns as well as kinetic inhibition data indicate that at least some portion of the dinucleotide fold common to all dehydrogenases thus far investigated (Thompson et al., 1975 ) is present in aldehyde dehydrogenase.
Binding to columns of immobilized AMP, Blue Dextran or NAD+ is not a critical test of binding to free NAD+. However, the data (Fig. 7) Once again studies have been made in an attempt to resolve the discrepancy in NAD+-binding characteristics between this enzyme preparation and that previously reported (Bradbury & Jakoby, 1971a The implication from this work is that enzyme-NAD+ binary complex does form, and that this might therefore reflect an important binary complex in the kinetic mechanism. This is consistent with the known mechanisms of all other dehydrogenases sufficiently investigated. Alcohol dehydrogenases, lactate dehydrogenase, malate dehydrogenase, formate dehydrogenase and glyceraldehyde 3-phosphate dehydrogenase all have ordered mechanism with coenzyme as the leading substrate (Dalziel, 1975) . The kinetic mechanisms of glutamate dehydrogenase and isocitrate dehydrogenase are consistent with a random-order mechanism where free enzyme binds coenzyme (Dalziel, 1975) . Coenzyme has also been shown to bind with free rat and horse liver aldehyde dehydrogenase (Takio et al., 1974; Tottmar et al., 1974; Weiner et al., 1974) . Such a distinct difference in the proposed inability of free yeast aldehyde dehydrogenase to bind NAD+ in a kinetically significant pathway has led us to a complete kinetic investigation of our enzyme preparations. The data are presented in the following paper (Bostian & Betts, 1978) .
